Doe rabbits nurse the litter only once a day, for around 3 min, with circa 24-h periodicity. To explore the participation of the paraventricular nucleus (PVN) in regulating this behavior, we lesioned it bilaterally with kainic acid on lactation day 7. Bilateral lesions, comprising less than 50% of the total PVN volume, abolished nursing behavior (4/8 does) or severely disrupted its normal periodicity (4/8 does). In the latter case, duration of nursing bouts was normal. Body weight, food and water intake were not significantly affected by bilateral PVN lesions. Unilateral lesions of the PVN or lesions located outside this nucleus did not significantly alter nursing periodicity or any other behavioral parameter. Results indicate an important role of the PVN for (i) maintaining maternal behavior, and (ii) the periodic display of nursing across lactation in rabbits.
Introduction
Rabbit maternal behavior begins in late pregnancy as the doe constructs a maternal nest where she will deliver the litter and nurse the kits throughout lactation (Gonz alez-Mariscal et al., 1994 . Nursing occurs only once a day, inside the maternal nest, (Jilge, 1995; Gonz alez-Mariscal et al., 2013a) and lasts around 3 min (Lincoln, 1974; Gonz alez-Mariscal et al., 1994 , 2013b . These temporal characteristics of nursing remain unchanged throughout lactation despite a marked increase in milk output across the first 20 days and a gradual decline over the following 10 days (Gonz alez-Mariscal et al., 1994 , 2009b . However, females given litters smaller than four kits enter the nest box several times a day without a circadian pattern (Gonz alezMariscal et al., 2013a) and spend longer periods inside it (Gonz alez- Mariscal et al., 2013b) . Moreover, the number of suckling kits is directly related with the amount of oxytocin (OT) released at the nursing bout (Fuchs & Wagner, 1963) . Furthermore, the number and size of OT-immunoreactive (IR) neurons is larger in the paraventricular nucleus (PVN) of lactating does, relative to pregnant and estrous ones (Caba et al., 1996) . Finally, an increase in the number of c-FOSimmunoreactive (IR) cells is observed in the PVN following suckling in early lactation (Gonz alez-Mariscal et al., 2009a) .
The role of the PVN in the regulation of mammalian maternal behavior has been studied by lesioning this structure in rats. Most studies have found that PVN lesions can alter maternal behavior, but only if they are performed before its onset. Thus, in rats, electrolytic lesions on pregnancy day 15 significantly decrease pup retrieval and grouping and the adoption of crouching (Insel & Harbaugh, 1989) , while radiofrequency lesions on postpartum day 4 do not significantly alter any aspect of maternal behavior (Numan & Corodimas, 1985) . Neurotoxic lesions with kainic acid on postpartum day 2 only reduce pup retrieval and nest building (Olaz abal & Ferreira, 1997) , while ibotenic acid lesions on postpartum day 5, or the infusion of antisense oligonucleotides against OT, just increase maternal aggression (Giovenardi et al., 1998) . This evidence would suggest that, in rats, the PVN is necessary in late pregnancy to promote the onset of maternal behavior but, across lactation, its action is mostly modulatory on specific aspects of a consolidated maternal behavior.
As, in rabbits, the amount of suckling stimulation received at each nursing bout determines: (i) its occurrence once a day with circa (ca.) circadian periodicity; (ii) the time the doe spends inside the nest box; (iii) the amount of OT released, we hypothesized that lesions to the PVN of does in early lactation would not interfere with their motivation to nurse (i.e. does would continue to enter the nest box where the young are kept), but they would disrupt the temporal characteristics of nursing, that is, its circadian periodicity and duration. colony under controlled light (14 h light : 10 h dark; lights on at 0700 h) and natural temperature (13-25°C) conditions. They were provided with 500 mL of water and 500 g of rabbit pellets (Conejina, Purina TM ) per day (see below). Throughout this work, animal care adhered to the Law for the Protection of Animals from Mexico (NOM-062-200-1999) in accordance with international guidelines regarding animal research (Gonz alez-Mariscal et al., 2017) .
Mating
A virgin female was placed within a round wire mesh arena (1-m diameter 9 80-cm height), and a sexually experienced male was then introduced. They were allowed to copulate three times, after which the doe was housed in a large maternal cage (90-cm long 9 60-cm wide 9 40-cm high) for the remaining of the experiment. A transparent acrylic nest box (50-cm long 9 30-cm wide 9 32-cm high) was introduced into the cage to allow the construction of the maternal nest, as previously described (Gonz alez-Mariscal et al., 2013a) . It contained a piece of compressed cardboard placed on the floor to allow the expression of digging behavior and, from pregnancy day 20 until parturition, 300 g of straw was provided daily as material for nest building (Gonz alez-Mariscal et al., 1994) .
Nursing behavior measurement
Starting on prepartum day 2, videocameras were installed inside the vivarium and connected, via underground cables, to a computer placed in a different room. The transmitted images were recorded directly onto the hard drive, a procedure used in our previous study (Gonz alez-Mariscal et al., 2013a ) that allowed us to review the videos off-line at any time of day. At parturition, mothers were left undisturbed for 5-8 h after which kits were removed and litter size was adjusted to 6-8. The following parameters were recorded without interruption for the following 15 days: (i) hour of day when the doe entered the nest box and adopted a crouching posture over the litter (indicative of maternal motivation and, unless absent, also the occurrence of nursing behavior); (ii) duration of time spent inside the nest box at each visit (determined by subtracting the time of exit of the doe from the time of entrance). Because the nest box used was transparent (see above), we were able to have a full view of the behavioral interactions between litters and does at any time, particularly if the kits suckled. We did not measure kits' weight gain after suckling (to determine daily milk output) as this would have involved taking them out of the nest box and putting them back after weighing them. We wanted to minimize any alterations in the 'maternal environment' that could have interfered with the does' timing of behavior. However, in the case of does that did not show nursing on the days after the lesion (see below), their own kits were removed (around 10:00 am) and replaced with others (of the same age) from a surrogate mother. This procedure was repeated for up to 7 days to confirm the absence of maternal behavior.
Neurotoxic lesions to the PVN
On lactation day 7, females were anesthetized with i.m. injections of ketamine (25 mg/kg)/rompun (8 mg/kg) and placed in a Kopf stereotaxic frame using sterile conditions. A 22 gauge stainless steel cannula was then lowered into the PVN, according to the following stereotaxic coordinates (relative to bregma), derived from the atlas of Girgis & Shih-Chang (1981) : anterior = 1.5; lateral = AE1; dorsoventral = 15. A 27 gauge stainless steel needle was introduced into the guide cannula and connected, through a PE 50 Clay-Adams polyethylene tubing, to a Hamilton microsyringe filled with a solution of kainic acid (0.5 lg/lL) in phosphate buffer 0.1 M (pH = 7.2), as reported by Olaz abal & Ferreira (1997) . A volume of 1 lL of kainic acid solution was injected across 10 min, after which the needle was left in place for a further 5 min. Both the guide cannula and the needle were then removed, and the procedure was repeated on the other side. After concluding surgery, females received 200 000 units of penicillin (i.m.). They were kept warm in a recovery room for 1 h and were then transferred back to their maternal cage for the remaining of the experiment. Video recordings and behavioral monitoring of the animals continued until kill.
Quantification of body weight, food and water intake
As the PVN participates in the control of body fluid homeostasis and food intake (for recent reviews see: Krause & DeKloet, 2016; V azquez-Cuevas et al., 2016) , we determined whether lesions to that nucleus modified the does' body weight and the amount of water and food pellets consumed in 24 h on specific days of gestation and lactation. Each day at 10 h, does received the daily portion of food and water (see above) and, 24 h later, the amount of pellets and water remaining in the food container and bottle, respectively, were measured. This allowed us to determine the daily intake of food and water. Throughout this experiment, animal care adhered to the Law for the Protection of Animals (Mexico) and with international guidelines regarding animal research (Gonz alez-Mariscal et al., 2017). The ethical board that cleared this study was composed of three veterinarians from our institutions (CINVESTAV and Universidad Aut onoma de Tlaxcala) with years of experience in rabbit research.
Killing, perfusion and quantification of lesion volume
All females were euthanized on postpartum day 15 1 h after nursing. They were anesthetized with an overdose of sodium pentobarbital and perfused transcardially with saline and 20% formaldehyde. Brains were cryoprotected in sucrose (10, 20, 30%) and sectioned at 40-lm thickness in the coronal plane from the rostral border of the preoptic area to the mammillary bodies. One of every six sections was stained with cresyl violet for visualization of neuroanatomical structures. Camera lucida drawings were made of all sections, and the location of lesions was indicated therein. To measure the size of the lesion provoked in the PVN by injecting kainic acid, we first estimated the volume (ˆV) of the PVN of each animal by the method of Cavalieri (Gundersen & Jensen, 1987) in the cresyl violet stained sections, as described in earlier work (Gonz alez-Mariscal et al., 2015) . We placed a grid with squares of defined size (89 lm 2 ; factor a/p in the formula below) over the PVN and counted the number of intersections over the area analyzed (number of points). We obtained the distance between the sections analyzed (T) by multiplying the thickness of each slice (40 lm) by the inverse of the slice sampling factor (we selected one slice out of every six). Thus, T = 40 9 6 = 240 lm. We then estimated the PVN volume with the formulaˆV = (T) (a/p) (number of points). To calculate the volume of lesions that were, indeed, placed within the PVN, the Cavalieri method was again used on the specific slices in which the lesion was evident.
Statistical analysis
As in our earlier study (Gonz alez-Mariscal et al., 2013a), we performed on each doe a Rayleigh test for randomness (Batschelet, 1981) to determine the vector that best described the individual's time of nursing across lactation days 1-7, that is, before the lesions. From those mothers we selected, for the population analysis, only does in which the individual vector obtained showed a P < 0.05. These data from selected females were used to determine the characteristics of the population vector (phase angle, rho) that best described the time of nursing of the entire population before the lesions. To determine the effects of lesions on the time of nursing from days 8-14 (i.e. post-lesion), we estimated each individual 0 s Rayleigh test parameters, rho (q) and phase angle (w). A one-way ANOVA was then used to compare the phase angle and rho values shown before the lesions among the three groups, that is, bilateral lesions, unilateral lesions and lesions outside the PVN (see below). The same procedure was followed to compare, among the three groups, the phase angle and rho values shown after the lesions. A post hoc Dunnett's test performed on these data then compared the values of phase angle and rho between control and experimental groups (unilateral or bilateral PVN lesions). A Kruskal-Wallis ANOVA compared the frequency of nursing among the three groups before the lesions. The same test was used to compare nursing frequency post-lesions among all groups. This was followed by a paired ranks Wilcoxon test (i.e. pre-vs. post-lesion) within each group. McNemar's test was used to compare the proportion of does that nursed before vs. after the lesions in each group. A Wilcoxon test was also used to compare: (i) body weight at killing vs. at mating; (ii) food and water intake before the lesions (3 days) vs. after the lesions (3 days); (iii) duration of nursing (pre-vs. post-lesions). In the case of small samples (see below), a sign test was used to determine the effect of lesions on nursing duration.
Results
All females, before lesions A population vector that described the time of nursing across lactation days 1-7, that is, before lesions, was derived from 15 does. The characteristics of this vector were as follows: phase angle = 102.8°and q = 0.6 (P = 0.003). The mean time inside the nest box (AESD) was as follows: 3.49 AE 1.2 min. Six females were excluded from the population vector because, as stated under Methods, their individual vectors did not meet our selection criterion of P < 0.05. Fig. 1 . Actograms of four does that showed either a loss of nursing behavior (H5G5 and H3G5) or a disruption of nursing periodicity (H3G4 and H4G4) following bilateral lesions to the PVN (Group a). Dots indicate entrances into the nest box. Note that, before the lesions, does entered the nest box only once/day. After lesions (indicated by the horizontal lines), the pattern of nest box entrances/day was disrupted or lost.
Effects on body weight and nursing, according to lesion location
From the histological inspection of the stained brain sections, females were classified into three groups: (i) with bilateral lesions of the PVN (n = 8); (ii) with unilateral PVN lesions (n = 5); (iii) with lesions outside the PVN (n = 8). Table 1 shows, according to the group they were classified into, the body weight of all females at mating and on the day of killing (i.e. lactation day 15). A small, but The rho and phase angle values were compared among the three groups (a, b, c) with a one-way ANOVA for data obtained before (pre-) or after (post-) the lesions. Significant differences were found only in post-lesion rho values (F 2,17 = 3.815, P = 0.043). The post hoc Dunnett's test performed on these data indicated significant differences (P < 0.001) between groups a (bilateral lesion) and c (sham lesion) only. A Kruskal-Wallis ANOVA compared the frequency of nursing among the three groups (a, b, c) before the lesions. The same test was used to compare nursing frequency post-lesions among groups a, b, c. Significant differences were found only in post-lesion frequencies (v 2 ð2Þ = 8.792, P < 0.012). The paired ranks Wilcoxon test showed significant differences pre-vs. postlesion in group a (bilateral lesion; Z = À2.214, 0.027). *Mean range; a P = 0.043 vs. Group c; b P = 0.027 vs. pre-lesion values, same group. significant, increase in body weight was observed in most does between their initial value and the one quantified at killing.
Group a: bilateral PVN lesions
Two types of consequences were seen after bilateral PVN lesions: either the disruption of nursing periodicity, that is, several entrances into the nest box across the day (n = 4) or an abolishment of nursing (n = 4; Fig. 1 ). Within the latter female H6G3 displayed, from post-lesion day 1 onwards, several nest box entrances throughout the day but without actually nursing the litter. Consequently, in the whole group, there was a decrease in the frequency of nursing visits following bilateral PVN lesions (i.e. across days 8-14), which was statistically significant (Z = 2.214; P = 0.027; Table 2 ). The mean duration of nursing bouts was unmodified by bilateral PVN lesions in the four does that continued to nurse post-lesions: 3.64 AE 0.50 min before and 3.78 AE 0.57 min after the lesions (due to the small number of nursing does in this group a statistical test could not be performed). However, the 50% reduction in the proportion of does that nursed pre-vs. post-lesion was statistically significant (v 2 = 4; df = 1; P = 0.05). The phase angle of nursing behavior was not modified by PVN lesions (F 2,17 = 0.672; P = 0.524; Table 2 ), when compared against Groups b (unilateral lesions) or c (lesions outside PVN). Yet, the values of rho observed across lactation days 8-14 were significantly reduced following bilateral lesions, relative to Group c (F 2,17 = 3.815; P = 0.043; Table 2 ; Fig. 4B ). Figure 2 illustrates the location of PVN bilateral lesions in all eight does and Table 3 shows the corresponding lesion volumes.
Group b: unilateral PVN lesions (location not shown)
All five does in this group continued to nurse the litter after the lesions. The mean duration of nursing was 3.35 AE 0.61 min preand 3.80 AE 1.15 min post-lesions, respectively (mean AE SD). This small difference was not statistically significant (x = 1; N = 5; P = 0.188, sign test). As shown in Fig. 3 , unilateral PVN lesions hardly modified the regular periodicity of nursing. Neither the frequency of nest box entrances nor the phase angle or rho were significantly modified, when compared within the group (i.e. pre-vs. post-lesion: Z = À0.816, P = 0.414) or relative to Groups a or b (F 2,17 = 0.286, P = 0.755; Table 2 ). The location of these unilateral lesions is not shown, but Table 3 shows the volume of the lesions to the right (n = 1) or the left PVN (n = 4), as well as the volume of the intact PVN (i.e. the non-lesioned side).
Group c: Lesions outside the PVN (location not shown)
All eight does from this group had lesions outside the PVN and continued to nurse the litter throughout the experiment. As shown in Fig. 3 (selection of two does) , these mothers showed a regular, once a day nursing pattern. This allowed us to derive two population vectors, obtained before and after the lesions located outside the PVN ( Fig. 4A ; Table 2 ). Duration of nursing was 4.01 AE 0.73 min before and 3.27 AE 0.29 min after the lesions (mean AE SD). This small difference was not statistically significant (T = 8; N = 8; P > 0.05; two-tailed).
Effects on food and water intake, according to lesion location Table 1 shows the amount of food and water intake quantified across lactation days 3, 4, 5 (before the lesions) vs. days 9, 10, 15 (after the lesions). None of the three groups showed significant differences in either of these parameters between the two periods compared.
Discussion
Bilateral lesions to the PVN disrupted some aspects of nursing periodicity or led to a complete loss of maternal responsiveness. These findings suggest that, in rabbits, the PVN plays an important role in regulating specific aspects of nursing behavior. Indeed, the number of c-FOS-immunoreactive cells increases in the PVN following a nursing episode (Gonz alez-Mariscal et al., 2009a). The differential effects provoked by bilateral PVN lesions, that is, abolishment vs. disturbances in specific aspects of nursing, were not related with the magnitude of the damage to the PVN. This value ranged from 26.2 to 44.2% of the total PVN volume (i.e. both sides) in does that did not nurse post-lesions and from 22.4 to 37.0% in the four females that showed alterations of nursing. These results, therefore, indicate that bilateral destruction of less than 50% of the PVN can severely alter, or even suppress, nursing behavior. Indeed, the significant reduction in the value of rho seen only in does with bilateral PVN lesions indicates a disorganization of the temporal expression of the nursing rhythm in some of those animals. The fact that statistical significance was attained only when comparing the post-lesion value of rho in Group a vs. that in Group c -lesions outside the PVN-(rather than in the pre-post-lesion comparison within Group a) can be a consequence of the low number of bilaterally lesioned PVN nursing does (n = 4) on which the analysis was performed. In contrast, the lack of effect of bilateral PVN lesions on the phase angle was evident when comparing Group a with either Group b (unilateral lesions) or Group c. As the phase angle reflects the time of day when nursing is most likely to occur, the above results suggest that the disorganization of nursing provoked by bilateral PVN lesions involves the introduction of additional nursing bouts throughout the day without abolishing the 'normal' suckling episode at the 'usual' time. This suggestion coincides with our finding that nursing periodicity is disorganized in a similar way when does suckle small litters (Gonz alez-Mariscal et al., 2013a). On the other hand, the total abolishment of nursing seen in other does from the same group would suggest that the PVN also plays a central role in maintaining the maternal motivation to nurse. The PVN receives projections from the suprachiasmatic nucleus (SCN; Vrang et al., 1995) , the brain's 'masterclock' for circadian rhythms, and such afferences are crucial for the maintenance of circadian activity in the PVN (Tousson & Meissl, 2004) . Furthermore, lesions to the PVN reduce melatonin concentrations in the pineal gland at night by around 90% in rats (Klein et al., 1983) and, in hamsters, they inhibit gonadal regression induced by a short photoperiod, without affecting the circadian rhythm of locomotion (Pickard & Turek, 1983) . In addition, recent work has shown the existence of a reciprocal connection, that is, from the PVN to the SCN, consisting of fibers from vasopressinergic neurons (Zhang & Hern andez, 2013) . Although these bi-directional SCN-PVN connections have not been directly demonstrated in rabbits, they are likely to mediate: (i) the capacity of suckling to shift the rhythm of locomotion and PER1 protein expression in the PVN (Meza et al., 2008 (Meza et al., , 2011 ; (ii) the alterations in circadian nursing following bilateral PVN lesions (present study). Because we did not measure locomotion or any other behavioral or physiological variables known to show circadian rhythmicity in rabbits (Jilge, 1991) , it is possible that PVN lesions may have also interfered with the circadian display of other nonmaternal activities. This issue warrants further investigation. Contrary to our expectations, whenever nursing episodes occurred in any female from any group they invariably had a normal duration, that is, around 3 min. These results would indicate that, although normally coupled, the timing of nursing (once every ca. 24 h) and the duration of each bout are regulated by two independent neural circuits, only one of which involves the PVN. However, our finding that reducing litter size below 4 kits disrupts both circadian periodicity and duration of nursing bouts (Gonz alezMariscal et al., 2013a,b) suggests that a common factor may regulate both parameters. The most likely candidate seems to be OT as this peptide is secreted following nursing in an amount directly related with the number of suckling kits (Fuchs & Wagner, 1963) . Consequently, we may speculate that the disruption of only nursing periodicity by bilateral PVN lesions occurs because OT is still secreted post-lesion in an amount sufficient to maintain a normal bout duration but not enough to allow a circadian periodicity of nursing. Indeed, when maternal motivation was not abolished by bilateral lesions, lactation was maintained across the experiment (the kits did not die, except in case of doe H6G3), a finding indicating that both OT and prolactin (PRL) were secreted in response to suckling. The neuroendocrine reflex that allows PRL secretion in mammals involves a suckling-induced reduction in the activity of tuberoinfundibular dopaminergic (TIDA) neurons, which tonically inhibit pituitary lactotropes (Neville, 2006) . Recently, OT was found to excite TIDA neurons in brain slices from virgin and lactating rats, and the authors proposed this action as a possible way for inhibiting PRL secretion (Briffaud et al., 2015) . OT has also been found to counteract locomotor hyperactivity and DA turnover induced by cocaine and amphetamines in rodents (Kov acs et al., 1990; Sarnyai et al., 1991; Qi et al., 2008) . Although the relevance of OT-DA interactions for the regulation of mammalian maternal behavior warrants future investigation (Olaz abal et al., 2013) , in rabbits, the pattern of expression of the clock protein PER1 shifts in parallel to the time of nursing in TIDA neurons (Meza et al., 2011) . This evidence agrees with our proposal (Gonz alez-Mariscal et al., 2013a) that suckling could be a non-photic zeitgeber in rabbits. Indeed, we recently identified OT receptors in the female rabbit forebrain (Jim enez et al., 2015) , but the relevance of OT actions for regulating specific aspects of rabbit maternal behavior warrants a pharmacological approach. A caveat of the present results is that we ignore the phenotype of neurons that were destroyed by kainic acid, and the PVN is known to contain several peptides in addition to OT (Sofroniew, 1985) . Consequently, the disruption or abolishment of nursing provoked by bilateral PVN lesions may have been due to damage to non-OT neurons. Whatever such damage might have been it did not affect the general health of the animals as they continued to eat and drink normally and they even showed a slight but significant increase in body weight at the end of the experiment, relative to their weight at mating.
In contrast to the above, unilateral PVN lesions had no significant effects on any aspect of nursing. This indicates the operation of a robust circuit between the PVN and its targets such that conserving just one side (right or left) is enough to maintain the circadian periodicity of nursing. Moreover, unilateral PVN lesions and those located outside this nucleus did not significantly impact food or water intake.
In summary, our results suggest that some regions of the PVN are essential to maintain maternal behavior, while others fine-tune the circadian periodicity of nursing but not the duration of suckling bouts. Determining which specific neuronal populations are involved in these two types of actions warrants detailed investigations.
